Intimin harboured by pathogenic Escherichia coli (E. coli) strains is a key virulence factor involved in host cell adherence and colonization. Twenty-seven intimin-encoding E. coli attaching and effacing (eae) gene variants have been reported according to their 39 binding domain sequences. In our study, we developed a specific and sensitive loop-mediated isothermal amplification (LAMP) assay to detect all known intimin variants. Four primers specific for six regions of eae genes were designed using online software. The eae-LAMP assay was highly specific and detected all 27 tested eae variants; no cross-reactions were observed with genes from enterotoxigenic E. coli (ETEC), E. coli BL21, Salmonella, Shigella, Listeria monocytogenes, or Streptococcus suis type 2 (SS2). With the lowest detection limit of approximately 10 copies per reaction the eae-LAMP assay was 100 times more sensitive than conventional PCR. These results, and the results of tests involving food and faecal samples artificially contaminated with E. coli O157 : H7 (eaec+), show that the eae-LAMP assay is a simple, rapid, sensitive and specific tool for detecting intimin variants from pathogenic strains of E. coli. The eae-LAMP assay has great potential for wider applications, not only in the laboratory but also in the field setting, as it does not require specialized equipment.
INTRODUCTION
Pathogenic strains of Escherichia coli (E. coli) include enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), Shiga toxin-producing E. coli (STEC) and attaching and effacing E. coli (AEEC), and these have implications for human and animal health worldwide. EPEC, EHEC, STEC and AEEC are characterized by production of intimin, which causes attaching and effacing (A/E) lesions in the intestinal mucosa (Mueller et al., 2008) . The E. coli attaching and effacing (eae) gene was initially identified in an EPEC strain O127 E2348/69 (Jerse et al., 1990) and later in EHEC strain EDL933 (Yu & Kaper, 1992) . Unlike the 59-end, the 39-end is heterogeneous (Frankel et al., 1994) . At least 27 distinct intimin types and subtypes (a, a2, b, b2, b3, d, e, e2, e3, e4, g, g2, c, c2, i, i2, k, l, m, n, o, p, r, s, j, h, f) (Blanco et al., 2004 Garrido et al., 2006; Ito et al., 2007) have been identified based on the heterogeneous 39-region of the eae gene by allelespecific PCR and restriction fragment length polymorphism (RFLP). Their sequences have been deposited in the Entrez nucleotide database. conventional PCR (Reid et al., 1999; Blanco et al., 2005; Evans et al., 2011) , real-time PCR (Fratamico & Bagi, 2012; Jenkins et al., 2012) , and microarray (Gonzales et al., 2011) . While these approaches have played a significant role in the detection of pathogenic E. coli, they have two critical shortcomings: they are unable to detect all the intimin variants in one step and they require skilled technicians and specialized instruments, which precludes their use under field conditions. Therefore, there is a need for the development of a new technique that will detect all the intimin variants in a single step whilst not requiring specialized instruments.
Loop-mediated isothermal amplification (LAMP) is a novel technique used to amplify nucleic acids under isothermal conditions. It is a rapid, sensitive and inexpensive approach with wide applicability in biomedical sciences (Notomi et al., 2000; Zablon et al., 2012) . Currently, LAMP has been successfully developed to diagnose several micro-organisms, including bacteria, viruses, parasites and fungi. However, a LAMP assay able to detect all the intimin variants in one reaction has not yet been documented.
In this study, we compared 27 intimin-encoding eae types and subtypes, designed primers for the homogeneous 59-terminal sequences, and assessed the potential of using LAMP as a rapid and simple detection technique for pathogenic E. coli. The results indicated that LAMP is a promising diagnostic tool that could provide the results rapidly, and with high analytic sensitivity and specificity without the use of specialized instrumentation.
METHODS
Bacterial strains and media. In this study, 17 eae-positive strains of E. coli (eae+), 11 eae-negative strains of E. coli (eae-), 27 E. coli strains of non-classified serotype, E. coli BL21, Salmonella enteritidis, Shigella flexneri type 2, Listeria monocytogenes and Streptococcus suis type 2 (SS2) were tested using the LAMP and PCR assays in order to determine the analytic specificity and sensitivity of LAMP (Table 1) . The SS2 strain was recovered from 280 uC freezer stocks and grown overnight (for 18-20 h) at 37 uC in Todd-Hewitt broth (THB) medium supplemented with 2 % Minima Essential Medium (MEM) (Zhang et al., 2009) . Other bacterial strains were also prepared by transferring 50 ml of a thawed, previously frozen, culture into 5 ml of Luria-Bertani (LB) broth and incubated overnight at 37 uC. All bacteria used in this study were sub-cultured twice before use.
Design and synthesis of LAMP primers. LAMP primers were designed, according to our requirements, by Beijing Lanpu Bio-tech Co. Ltd. The company was authorized by Eiken Chemical Co. Ltd to employ the LAMP service in China. Briefly, DNA sequences of available eae variants were retrieved from GenBank, and their homology was analysed using DNASTAR software (Fig. 1) . It was not feasible to find a completely homogeneous sequence to design four primers, so we designed the primers based on each eae variant sequence and examined the possible false priming sites. Finally, three regions (72-500 nt, 601-1007 nt and 1145-1715 nt) were selected to design the primers. The primer recognized the interval of 254-481 nt. For the binding specificity of primers, at least three base pairs of the 39-end matched with each eae sequence. PCR primers for the 39 region (1801-2850 nt of the open reading frame) of eae genes were previously described (Blanco et al., 2004a, b) . The sequence, length and location of all primers are shown in Table 2 .
Synthesis of eae variant genes. According to the E. coli eae sequences stored in GenBank, the eae variants were synthesized (Nanjin Genscript), cloned into pGEM-T (Promega) and transformed into E. coli Top 10 (Nanjin Genscript) to construct respective recombinant Top 10 (pGEM-T-eae). Overnight cultures of Top 10 (pGEM-T-eae) were used to prepare the template using a DNA extraction kit according to the manufacturer's instructions (Axygen).
Preparation of artificially contaminated samples. The E. coli O157 : H7 (eaec+) genome was utilized to investigate the sensitivity of the LAMP and PCR assays. E. coli O157 : H7 (eaec+) was cultured in LB broth at 37 uC for 6 h and serially diluted in TE buffer (20 mM Tris/HCl, pH 8.0, 2 mM EDTA, pH 8.0). One hundred microlitres of each dilution of E. coli O157 : H7 (eaec+) was plated onto LB agar in duplicate to obtain a precise number of colony forming units (cfu). Further dilution with TE buffer was performed to obtain concentrations of 125 c.f.u. 100 ml 21 and 1250 c.f.u. 100 ml
21
. 
No eae genes; +, positive amplification; 2, negative amplification.
Lettuce and ground beef were purchased from the retail shops in Nanjing. Bovine and swine faeces were collected from farms known to be applying good bio-security measures. Ground beef and faecal samples were divided into 25 g portions and placed into sterile flasks. Lettuce was cut into smaller pieces and separated into 25 g portions before putting them into flasks. Lettuce, ground beef and faecal samples were tested for pre-existing E. coli O157 : H7 contamination. Prior to inoculation, each sample of food and faeces was divided into three samples, that were then examined by the LAMP and PCR assays, as well as the immunomagnetic bead separation (IMS)-plating method in combination with modified EC broth with novobiocin enrichment (mEC+n) according to the manufacturer's instructions (Promega). All samples tested negative, and two of the samples for each food and faeces type were then used to prepare the artificially contaminated samples (Table 3) .
One hundred microlitres of the E. coli O157 : H7 suspension (125 c.f.u. 100 ml 21 or 1250 c.f.u. 100 ml21) was added to flasks containing 25 g samples of faeces or food and 50 ml of TE buffer, samples were mixed to achieve target inoculum levels of 5 c.f.u. g 21 and 50 c.f.u. g 21 , and they were incubated at room temperature for 30 min with shaking. Thus, for each food and faecal sample examined, we prepared and tested two concentrations of artificially contaminated samples (two samples with 5 c.f.u. g 21 , and two samples with 50 c.f.u. g 21 ) (Table 3) . Two millilitres of the inoculated samples were used for each of the LAMP and PCR assays. The artificially contaminated samples were handled as previously described (Zhang et al., 2012) . Briefly, the homogenates were centrifuged at 500 g for 15 min. After the aspirated supernatants were centrifuged at 12 000 g for 10 min, the pellets were suspended and diluted with 0.2 ml of TE buffer. One hundred microlitres of the suspended pellets were used to extract the template as described below. The remaining 100 ml was seeded on to MacConkey's agar plates containing novobiocin (50 mg ml 21 ), tellurite (10 mg ml
) and vancomycin (40 mg ml 21 ) to count the c.f.u. of E. coli O157 : H7. When necessary, the artificially contaminated samples were enriched in the modified mEC+n broth followed by E. coli O157 : H7 separation using the IMS-plate method according to the manufacturer's instructions (Promega) ( Table 3) .
Extraction of genomic DNA. One millilitre of each of the SS2 and L. monocytogenes cultures were centrifuged at 12 000 g for 10 min, the supernatants were removed and the pellets suspended into 200 ml of TE buffer (20 mM Tris/HCl, pH 8.0, 2 mM EDTA, pH 8.0, 1.2 % Triton X-100 and 1 mg ml 21 lysozyme). After incubation at 30 uC for 30 min, the suspension was boiled for 10 min. All Gram-negative bacterial pellets and the artificially contaminated food and faecal pellets were suspended with TE buffer (20 mM Tris/HCl, pH 8.0, 2 mM EDTA, pH 8.0, 1.2 % Triton X-100, without lysozyme) followed by direct boiling to prepare the templates. All tubes were subjected to centrifugation at 12 000 g for 5 min and the supernatants were used to determine analytical sensitivity and specificity of the LAMP and PCR assays.
PCR assay. PCR was performed in a 25 ml reaction volume containing 2.5 mM of each dNTP, 2.5 ml of 106 PCR buffer, 5 U of Taq polymerase, 10 pM each of primers eae-F and eae-R, and 1:l of serial dilutions of 10 0 to 10 6 copies of DNA from pGEM-T-eae. A reaction of 35 cycles was performed at 94 uC for 30 s for denaturing, at 53 uC for 30 s for annealing and at 72 uC for 1 min for extension using a thermal cycler (TaKaRa PCR Thermal Cycler Dice).
LAMP assay. The following reagents used in the LAMP assay were optimized: the concentration of primers, dNTP, betaine, MgSO 4 , and Bst polymerase. LAMP products in the tube were visualized by adding 1 ml of calcein solution (Eiken Chemical Co. Ltd). The amplification was carried out between 60 uC and 65 uC for 60 min and at 64 uC for 30 min, 45 min, 60 min, 70 min and 80 min, and was then stopped by heating at 80 uC for 3 min.
Sensitivity and specificity of the LAMP assay. The same templates with identical concentrations were amplified by LAMP and PCR to compare their detection limits. Serial dilutions of 10 0 to 10 6 copies of DNA from the pGEM-T-eae were the templates for this assay. The DNA extracted from artificially contaminated samples was detected by the LAMP and PCR assays to assess their sensitivity.
To evaluate the specificity of the LAMP assay, 17 eae+ E. coli strains, 11 eae2 E. coli strains, 27 E. coli strains of non-classified serotype (not shown in Table 1 ), E. coli BL21, Salmonella, Shigella,, L. monocytogenes and SS2 were tested using LAMP and PCR (Table 1) .
To eliminate the possibility of false positives, the positive amplicons were confirmed by PstI restriction enzyme digestion. Digested LAMP products (7 ml) were separated on a 2 % agarose gel. The expected fragments of the digested products were 74 bp and 153 bp.
RESULTS

LAMP assay
The LAMP assay was carried out using pGEM-T-eaec as the template to optimize the reaction temperature and time. After optimization, LAMP was performed in a final volume of 25 ml containing 8 U Bst DNA polymerase (large fragment; New England BioLabs), 0.5 mM each of F3 and B3 primers, 4.0 mM each of FIP and BIP primers, 400 mM each dNTP, 10 mM MgSO 4 , 1 M betaine and 5 ml of the DNA. The optimal temperatures and times for the eae-LAMP assay were 64 u C for 60 min and then 80 u C for 5 min. The LAMP products subjected to electrophoresis showed multiple ladder-like bands (Fig. 2) . The subsequent LAMP assay found that all eae variants could be amplified and visualized using electrophoresis (Fig. 2) or calcein. DBefore inoculations, we tested three samples of each food and faeces sample type and then two out of the three negative samples were chosen to prepare the artificially contaminated samples. dNA, Not applicable: when the eae-LAMP assay did not have positive amplification, an attempt was made to detect the contamination through enrichment at 37 u C with mEC media and isolation using IMS-plating.
LAMP assay for rapid detection of different intimin variants
Sensitivity of the LAMP assay LAMP using a series of dilutions of 10 0 to 10 6 copies of DNA from the pGEM-T-eae revealed a reproducible amplification of 10 1 or more copies for all six assays using electrophoresis and calcein stain, whereas the detection limit of conventional PCR was 1000 copies per reaction. LAMP using the DNA from ground beef and lettuce inoculated with E. coli O157 : H7 showed positive amplification from both the 5 c.f.u. g 21 and 50 c.f.u. g 21 inoculum for all tested samples using electrophoresis and calcein stain. LAMP using the DNA from bovine faeces with both 5 c.f.u. g 21 and 50 c.f.u. g 21 inoculum indicated positive amplification, whereas for swine faeces only the 50 c.f.u. g 21 inoculum could amplify the ladder-like bands. In contrast, conventional PCR was unable to detect contamination with either inoculum (5 c.f.u. g 21 and 50 c.f.u. g
21
) in swine faeces (Table 3) .
Specificity of the LAMP assay
The specific LAMP primers were designed based on the conserved regions of eae genes from available pathogenic E.
coli strains in GenBank. They were specific for the eae genes, and there was no cross-matching with other genes.
The LAMP assay did not amplify ETEC (K88, K99, 987P and F41), E. coli BL21, S. enteritidis, S. flexneri type 2, L. monocytogenes or SS2 (Fig. 2) . The specificity of the LAMP assay was further investigated by digesting the LAMP products with the PstI restriction enzyme resulting in fragments approximately 74 bp and 153 bp in size.
Testing of E. coli isolates A total of 44 E. coli templates (17 eae+ strains of E. coli and 27 strains of E. coli of non-classified serotype) were simultaneously subjected to the PCR and the LAMP assays. Both the LAMP and PCR assays indicated that 17 out of 44 (38.6%) tested isolates of E. coli had the eae gene ( Table 1 ). The sequences of the positive amplifications had a high degree of sequence homology (above 98 %) with the corresponding eae genes of E. coli in GenBank.
DISCUSSION
Certain strains of pathogenic E. coli have been found to be eae-negative. Nevertheless, E. coli strains possessing the eae gene are of particular interest in relation to food safety, because of a strong association between the carriage of the eae gene and the capacity of E. coli to cause severe human disease, especially haemolytic uraemic syndrome. It is thus justified to focus on intimin and its variants. Furthermore, intimin is the first effector protein whose pathogenic mechanism has been intensively studied (Aidar-Ugrinovich et al., 2007) . From the published reports, intimin types b1 and c1 are the most frequently found among bovine and human STEC strains (Aidar-Ugrinovich et al., 2007) . It is yet to be determined whether other intimin variants play a more important role in pathogenesis. A universal diagnostic tool able to detect all the intimin variants would address this pressing concern.
Although the eae genes have a diversity of types and subtypes, their DNA has revealed a high degree of homology in the 59 two-thirds of the genes and a significant degree of heterogeneity in the 39 one-third of the genes (Frankel et al., 1994) . According to the characteristics of eae genes, we hoped to develop a rapid, sensitive and specific method for detecting all the intimin variants in one reactive system. In order to guarantee the specificity and sensitivity of the eae-LAMP assay, we retrieved all the eae genes from GenBank, compared their homology and selected the conserved fragments to design three sets of primers for amplifying all the eae variants (data not shown). The second set of primers was found to comprise the optimal primers to develop the eae-LAMP assay. Because a few of the eae variants are not currently represented among E. coli isolates in our laboratory, these eae gene variants were synthesized to allow a more comprehensive testing of the specificity and sensitivity of the eae-LAMP assay. As expected, the . PCR products detected by gel electrophoresis analysis (c). Lanes 1 to 13: eae-a, eae-b, eae-c, eae-l, eae-k, eae-m, eae-n, eae-p, eae-r, eae-s, eae-i, eae-h, eae-j; lanes 14 to 19: enterotoxigenous E. coli (ETEC), E. coli BL21, Salmonella, Shigella, L. monocytogenes and Streptococcus suis type 2; M: DL-2000. Based on the reactive condition and system in our study, several representative eae variants were amplified by LAMP and PCR to examine the universality of eae primers. E. coli BL21, Salmonella, Shigella, L. monocytogenes and Streptococcus suis type 2 were selected to evaluate specificity of eae primers by LAMP and PCR. All results showed that eae-LAMP was better than conventional PCR in simplified operation and coincided with conventional PCR in detection of different eae variants and species-specific bacteria.
eae-LAMP assay had a much higher sensitivity than conventional PCR; the eae-LAMP detection limit was 10 copies in a reaction. Moreover, there was no crossreaction with ETEC, E. coli BL21, Salmonella, Shigella, L. monocytogenes and SS2, indicating that the eae-LAMP had high specificity with respect to the common food-borne bacteria.
When the eae-LAMP assay was used to detect E. coli O157 : H7 (eae+) in artificially contaminated food and faecal samples, it had a higher sensitivity than conventional PCR assay. The sequencing of amplicons further confirmed the sensitivity of the eae-LAMP assay. More importantly, LAMP amplicons in the reaction tubes were visualized by adding a calcein stain. LAMP-positive amplicons appeared green, while the original orange colour indicated a negative reaction. The fact that the LAMP assay could be judged visually without the need for electrophoresis highlights an advantage of using this assay. Fluorescent dye could replace the gel electrophoresis in the LAMP assay to test whether the target gene exists or not. Both SYBR Green I and calcein are non-specific dyes; however, SYBR Green I is added after the reaction, whereas calcein is added before the reaction, a step that could minimize the chances of contamination due to the closed tubes (Dominguez et al., 2010; Zablon, 2012) . Therefore, calcein remains a more suitable dye than SYBR Green I at this time.
Interestingly, when the sensitivity of the eae-LAMP assay was evaluated in swine faeces inoculated with 5 c.f.u. g 21 of E. coli O157 : H7, the pathogen could not be detected in either of the two replicates of the experiment (the pathogen was detected only after enrichment) (Table 3 ). This may be related to the survival of E. coli O157 : H7 in swine faeces, which will be the subject of further investigation. Further research with a sufficiently large sample size is needed to determine the diagnostic sensitivity and specificity of the eae-LAMP assay in a variety of foods, faecal samples and other samples with food-safety and clinical relevance.
In summary, the present study demonstrated that the eae-LAMP assay could be used as a rapid, simple and visual diagnostic technique for the detection of all known intimin variants. However, obtaining suitable DNA, as well as generating isothermal conditions, remains a major challenge for application of the eae-LAMP assay under field conditions. With further improvements in DNA extraction and amplification conditions, the eae-LAMP assay could be used in the field as a diagnostic test for detection of pathogenic E. coli strains.
